Lake Orta, a large Italian subalpine lake, has a long history of industrial pollution by acid, ammonia, and metals. A whole-lake liming treatment in [1989][1990] 
INTRODUCTION
Studies of anthropogenic stress in lakes are usually centered on the response of pelagic communities. Monitoring of impact and recovery are mostly based on open water measurements of chemical and biological characteristics. However, there are increasing evidences suggesting that the littoral zone may respond differently from the open water because stress intensity could be different in the two habitats. The littoral zone is directly affected by watershed inputs, which could either intensify or lessen the contaminant concentrations. Furthermore, contaminant transfer may be slowed in thick benthic biofilms because organisms are densely packed with abiotic material and metals may be bonded by polymers exuded by algae and bacteria (Ivorra et al. 2000) .
Planktonic diatoms were more affected than benthic taxa in lakes heavily contaminated by metals in Abitibi, Quebec ) and in Finland (Salonen et al. 2006) . A shift towards benthic diatoms has also been documented under other stresses. Planktonic diatoms disappeared almost completely in severely acidified Adirondack lakes (Charles 1985) . In a lake affected by watershed fires, benthic diatoms increased in periods of perturbation (Philibert et al. 2003) . The higher stress tolerance of benthic taxa relative to the planktonic ones could be ascribed to a superior plasticity of littoral organisms, which are adapted to life in a highly variable environment. This plasticity could lead to the replacement of planktonic taxa by usually benthic ones. Lake Orta, a large Italian subalpine lake, has a long history of industrial pollution resulting in severe acidification and high metal concentrations (Bonacina et al. 1986) . A liming intervention in 1989-90 is leading to progressive lake recovery (Calderoni & Tartari 2001) . The objectives of this study were to examine the response of the littoral zone, in terms of chemistry and periphyton assemblages, to contamination and recovery of Lake Orta. We then compare these findings with a long-term data set of chemistry and phytoplankton collected in the pelagic zone. We aim to test whether the response of the littoral zone to these anthropogenic disturbances is different from that observed in the pelagic water. In particular, we examined the possibility that the littoral zone may provide a refugium in contaminated lakes in view of the different environmental conditions and the high plasticity of benthic communities.
2. LAKE ORTA Lake Orta (1.3 billion m 3 , max depth 143 m, surface 18 km 2 ) is an important subalpine Italian lake (Fig. 1 ). The lake basin was created by glacial erosion of a preexisting river valley. Gneiss, micaschists and granites prevail in the catchment basin so that the lake water is naturally poorly buffered. Although mean annual precipitation rates are fairly high (1900 mm y -1 ), the theoretical water residence time is quite long (8.5 y) (Mosello et al. 1989) . Only a few studies of the lake biota were made before the onset of the pollution in 1926. Nevertheless, they demonstrate that the lake was oligotrophic, rich in high value fish species, and very similar to the other oligotrophic subalpine lakes. In that year, a rayon factory was built on the southern shore of the lake, which directly discharged into the south basin heavy loads of copper and ammonium sulphate (max loads 80 t Cu y -1 and 3000 t N NH 4 y -1 ) (Bonacina 2001) . The early effect was a dramatic disappearance within two years of most biota, mainly due to copper toxicity. In the fifties, only a few phytoplankton species (Oscillatoria limnetica, Choricystis minor), one zooplankton (Cyclops strenuus), and few littoral fish were present; profundal benthos had disappeared.
In 1958, a treatment plant for copper recovery was adopted by the rayon factory; however in the meantime, several plating factories started discharging directly into the lake large quantities of copper (Cu), nichel (Ni), zinc (Zn), and cromium (Cr). Furthermore, since the l960s, in lake biochemical oxidation of ammonium acidified the lake water, which had naturally poor buffering capacity (total alkalinity 0.3 0.4 meq L -1 ) due to watershed geology. The lowest pH of 3.8 over the whole water column was reached in 1985 (Vollenweider 1963; Bonacina et al. 1986; Calderoni & Tartari 2001) .
Despite actions in the 1980s to reduce ammonium sulphate discharge, lake water pollution remained high, due to the low pH (4.0-4.5) produced from the oxidation of the ammonium still present in the water mass, which permitted high concentrations of trace metals (Fig. 2) . A liming intervention was proposed by the Istituto Italiano di Idrobiologia (National Research Council) to accelerate lake's recovery from acidification. The liming was done from May 1989 to June 1990 by spreading on the lake surface a suspension of 14,800 t of finely powdered natural limestone (Mosello et al. 1991; Calderoni et al. 1992; Calderoni & Tartari 2001 ).
METHODS

Chemistry
To monitor the chemical variables in the littoral, subsurface water samples were collected near the stones sampled for periphyton (see below). Pelagic samples were always collected in the zone of maximum depth of the lake. Analyses were performed on samples collected near the surface, in the epilimnion (0-25 m), and in the hypolimnion (25-143 m). Whole lake concentrations were calculated using volume weighted concentrations at the different depths.
All chemical analyses were performed in the laboratory of the Institute of Ecosystem Studies using standard analytical methods for natural water analyses. Details are reported by Tartari & Mosello (1997) . The laboratory adopts strict QA/QC protocols and participates in national and international interlaboratory exercises (Uggerud & Hjellbrekke 2009a, b; Hovind 2010; Marchetto et al. 2010) . Special attention is given to avoid systematic errors due to changes of analytical methods, which may occur in long term studies, such as the present one.
Periphyton
Epilithon was sampled at two stations of Lake Orta (Valle and Crabbia; Fig. 1 ) in mid-summer (July or August) of 1989, 1992, 1994, 1995, 1998, 2001, 2007, and 2010 . We also sampled three times (1994, 1995, and 2010) nearby Lake Mergozzo, which is oligotrophic and with a siliceous watershed as Lake Orta, but escaped pollution because there are no industries in its watershed (Calderoni et al. 1978) . Already published data collected in Lake Orta with the same method in 1987 and 1988 before the liming (van Dam & Mertens 1990; Cattaneo 1992) were integrated, when possible, with the data recorded in the present study during and after liming. At each sampling, five stones lying at depths between 50 and 70 cm were randomly selected and sampled underwater with a brush-syringe sampler (Loeb 1981) . This device scraped periphyton from a constant area of 5.7 cm 2 and collected it in a small volume of water. To examine the taxonomic composition, an aliquot of the five pooled replicates was fixed with acetic Lugol's solution. Cell counts and identification were done by the Uthermöhl sedimentation technique with a Zeiss inverted microscope at 1000× magnification. Subsamples were acid treated and mounted in Hyrax for diatom taxonomic verification. References used for identification and nomenclature were those of Krammer and Lange-Bertalot (1986-1991) . Cell volumes were calculated by approximation to solids of known volume.
Phytoplankton
Water samples for phytoplankton analysis were collected monthly from January to December, at the station corresponding to the deepest point of the lake. Only mid-summer data are presented in this paper in order to compare with periphyton that was sampled only in that season. Samples were taken with a Niskin bottle, collecting one sample every 2 m, in order to get an integrated sample in the 0-20 m water layer. Phytoplankton determinations were carried out on sub-samples preserved in acetic Lugol's solution. Algal cells (including ultraplankton cells of about 3-4 µm diameter) were counted on a Zeiss Axiovert 10 microscope, following Lund et al. (1958) , until 400 cells of the most frequent species were counted. Phytoplankton biovolume was estimated from the density data and the original measurements of the cell volume (Hillebrand et al. 1999) .
Statistical analyses
Differences in chemistry between littoral and pelagic zone were tested comparing data collected near shore (50-70 cm depth) and in the epilimnion at close dates (median difference 8 d) by paired t-test (Statistix for Windows, version 9; Analytical Software, Tallahassee, FL). Differences in composition of diatom assemblages between sites and dates were analyzed using Principal Component Analysis (PCA, Canoco 4.5 for Windows). Only diatom taxa representing ≥1% of total biovolume in at least one sample were included in the analysis 4. RESULTS
Chemistry
The effects of liming on the main chemical variables were soon evident. By 1991 spring overturn, pH values had increased from 4.5 to values between 7 and 9 in the observed in the seventies (Fig. 2) . The mean alkalinity of the lake became positive, thus excluding the danger of a re-acidification of the lake. Trace metal concentrations decreased whereas pH increased (Fig. 2) . After liming, two periods are discernable: 1) a transition period going from 1991 to the mid-90s in which pH was increasing towards neutrality and metal concentrations were decreasing (e.g., Cu from 35 to 3 µg L -1 ; Zn from 80 to 10 µg L -1 ; Al from 100 to 5 µg L -1 ) (Mosello et al. 1989; Calderoni & Tartari 2001) ; 2) after 1997-1998, there was a chemical stabilisation and the lake reverted to quasi normality. Throughout liming and recovery, Lake Orta stayed oligotrophic. Total phosphorus and reactive phosphorus concentrations remained below 10 and 5 µg P L -1 , respectively. We observed a close agreement between chemistry in the pelagic zone and in littoral stations (Fig. 3) . Chemical characteristics (alkalinity, pH, TP, NO 3 ) measured in the superficial pelagic water were not significantly different (paired t-test; p from 0.16 to 0.43; df from 13 to 35) from those measured near the sampled stones. The only exception was NH 4 , which was on average 10% higher in the littoral zone than in the open water (paired t-test; p = 0.018, df = 27).
Periphyton
Diatoms represented ~20% of the periphyton total biovolume before liming. Their importance increased after the liming intervention and was consistently over 80% in the last 10 y. Chlorophytes dominated the periphyton assemblages before liming but waned thereafter. Mougeotia and Oedogonium were common during liming but afterwards the most common chlorophytes were Cosmarium spp. and Scenedesmus spp. Cyanobacteria, represented by small filaments of Oscillatoria sp. and Phormidium sp., were somewhat important in the central phase of the recovery (1992-95) (Fig. 4a) . We examined the changes in the composition of littoral diatom assemblages over the recovery with a Principal Component Analysis (Fig. 5) . The samples were clustered in 3 groups: 1) samples of 1989 collected during the liming; 2) samples from 1992 to 1995; 3) samples from 1998 to 2010. This last group included the samples collected in 1994, 1995, and 2010 in Lake Mergozzo. This lake was used as a reference because it is geologically similar to Lake Orta but unpolluted There were clear temporal changes over the recovery in the percent biovolume of the diatoms, which were indicated by the PCA as typical of the different phases. Species indicator of acidity (Pinnularia subcapitata var. hilseana) and metal tolerant (Achnanthes minutissima) were important before and during liming but waned afterward. Fragilaria nanoides and Cymbella microcephala were dominant in the transition phase (1992) (1993) (1994) (1995) . Navicula cryptocephala (not represented), N. radiosa, and Synedra ulna increased with time (Fig. 6) . Fig. 5 . Plots of sample and species score for Principal Component Analysis of the composition (based on biovolume) of epilithic diatom assemblages collected in summer (July or August) in Lake Orta. Symbols indicate the stations (C: Crabbia -Lake Orta; V: Valle -Lake Orta; M: Lake Mergozzo) and the sampling year (from 1989 to 2010). Arrows represent the diatoms for which >45% of the variability was explained by the two first axes of the PCA analysis.
Phytoplankton
Diatoms, which were almost absent in the years immediately preceding the liming, became dominant throughout the intervention (1989) (1990) . They exhibited other peaks between 1994 and 1999. Lately, their importance, at least in summer, was reduced (Fig. 4b) . Chlorophytes (mainly Choricystis minor v. gallica) dominant before liming decreased after the intervention. Other chlorophytes (Westella, Sphaerocystis) became important between 1991 and 1994 and in recent years. Cryptophytes (mainly Cryptomonas) and Dinophytes (mainly Peridinium) were occasionally important. Cyanobacteria (mainly Synechococcus) reached 10% of biovolume only in 1997 and 1998.
Phytoplankton diatoms assemblages were poor in species. Two taxa, A. minutissima and F. nanoides, which were common in the periphyton, were abundant also in the phytoplankton (Fig. 7) . Rhizosolenia eriensis and more rarely R. longiseta became increasingly common throughout the recovery. Asterionella formosa appeared starting from 1997. Fragilaria crotonensis was recorded in 2010. 
DISCUSSION
Chemistry
Chemistry was apparently similar in littoral and pelagic water during contamination and recovery. Metals were not measured in the littoral zone but we assume they were similar to those recorded in the pelagic zone since there was close agreement for all the other chemical variables measured in the two habitats. However, when exploring differences in periphyton and phytoplankton, it is necessary to keep in account that algae in the biofilm mats may experience a different chemical environment than that measured in the overlying water (Lambert et al. 2008) . Present chemical conditions of Lake Orta, as assessed at spring circulation in 2010, are good with values of total alkalinity (287 µeq L -1 ) clearly higher than those recorded immediately after the liming and at the 2000 spring overturn (28 and 192 µeq L -1 , respectively). This increase is related to the alkaline inputs from the tributaries, which are not longer neutralized by in-lake ammonium oxydation. Ammonium concentrations are indeed close to zero, as it is the case in nearby oligotrophic Lake Maggiore and Lake Mergozzo (Vignati et al. 2009 ). Nitrate concentrations, although still much higher than in Lake Maggiore and Lake Mergozzo due to past contamination, declined from 3702 µg L -1 immediately after the liming to 1998 and 1425 µg L -1 at spring circulation in 2000 and 2010, respectively (Fig. 2) .
Phosphorus concentrations remained low throughout the entire period. Metal concentrations decreased to values comparable to those measured in nearby oligotrophic lakes (Calderoni et al. 1978) . In absence of further contaminant inputs from the watershed, Lake Orta should remains in future years in excellent chemical oligotrophic conditions and with alkalinity values as expected in relation to the watershed geology.
Periphyton
At the class level, there was a shift in periphyton composition from chlorophytes to diatoms. Dominance of green algae has been reported for other systems that are either polluted by metals (Foster 1982; Genter et al. 1987) or acidified. In acid lakes (Muller 1980; Turner et al. 1987 ) masses of filamentous algae, mostly Mougeotia and Zygnema, are common, apparently because these algae can utilize low carbon concentrations and, as hypothesized by Stokes (1984) , could be less subject to grazing in acid environments.
In the diatoms assemblages, the taxa dominant before liming (P. subcapitata var. hilsesiana and Eunotia exigua) were typical of acid environments (van Dam & Mertens 1990) . A. minutissima already abundant at the Valle station in 1988 (van Dam & Mertens 1990) became dominant during and immediately after the liming. This taxon is metal tolerant and often thrives under severe contamination (Takamura 1990; Cattaneo et al. 2004) . C. microcephala, which became important during the first part of the recovery, was observed also in limed lakes in Sweden (Anderson et al. 1997) . In these same limed lakes, it was important also Fragilaria acus a diatom morphologically similar to F. nanoides, which dominated in the first phase of the recovery in Lake Orta. F. nanoides is a newly described species observed in a oligodistrophic Finnish lake (Lange-Bertalot & Metzeltin 1996) , which appears to better describe in the number of striae the diatom identified in previous studies of Lake Orta as Synedra tenera. Starting from the 1998 sampling, diatoms assemblages became close in composition to those observed in the epilithon of Lake Mergozzo, a lake that being geologically similar to Orta but without industrial pollution can be considered a reference. N. cryptocephala, N. radiosa, and S. ulna became dominant. These taxa are considered circumneutral or alkaliphilous (van Dam & Mertens 1990 ) and were abundant in diatom assemblages collected on various littoral substrata in 1915, well before the start of the industrial pollution (Giaj Levra 1925) . When examining present epilithic diatoms, it can be concluded that Lake Orta has achieved full recovery from its industrial pollution.
Comparison between the response of periphyton and phytoplankton
Phytoplankton is instead indicating that pelagic assemblages are still in transition from severe disturbance towards characteristics observed in nearby lakes or in L. Orta before pollution. In particular, we will focus in the following discussion on diatom assemblages because trends observed for the entire phytoplankton over pollution, liming, and recovery were detailed in previous papers (Morabito et al. 1999; Morabito et al. 2001) . Cyclotella comensis and Fragilaria crotonensis are the most important diatoms in recent summer phytoplankton of nearby Lake Maggiore (Morabito et al. 2002) . According to deep cores collected in L. Orta, various species of Cyclotella (C. comensis, C. stelligera and C. bodanica) and F. crotonensis dominated phytoplankton before the start of industrial pollution in 1926 but completely disappeared afterwards (Ruggiu et al. 1998) . Cyclotella has not yet been recorded in L. Orta and F. crotonensis has been observed only in the most recent sample (2010) . If the finding of this taxon is encouraging, it is however somewhat troubling that only 6 diatom taxa were recorded in the totality of summer phytoplankton samples collected from liming (1989) to now (2010) .
Pelagic diatoms were more affected than benthic diatoms by the industrial pollution and their recovery after the liming intervention is slower. Diatoms were absent in phytoplankton before liming whereas they represented close to 20% of periphyton biovolume in the same period. Diatom blooms after liming were always composed of one dominant taxon. The first bloom, immediately after liming, was made up of A. minutissima, which is a typical benthic taxon of oligotrophic lakes. Its presence in the phytoplankton of L. Orta was sporadically recorded in samplings in the 50-60s (Vollenweider 1963) . According to core studies of Lake Orta (Ruggiu et al. 1998) , this taxon became dominant at the beginning of the contamination. Fragilaria nanoides (formerly Synedra tenera) and Rhizosolenia eriensis produced blooms in the mid and late 90s, respectively when pH was neutral and metal concentrations were already strongly reduced. However, these two taxa are indicator of transition in metal contamination. F. nanoides (formerly S. tenera) was dominant in Lake Dufault in the Abitibi mining region (Quebec) at the onset of copper contamination (Cattaneo et al. 2004) and in L. Orta cores in strata corresponding to incipient industrial pollution (Ruggiu et al. 1998) . In both lakes, this dominance was short lived. F. nanoides was displaced by other more tolerant taxa, among which A. minutissima, when other metals and acidification compounded the initial Cu pollution. R. eriensis reached high densities during the recovery of Buttle Lake, a British Columbia lake heavily contaminated with metals (Deniseger et al. 1990) .
Plankton re-colonization from littoral zone?
Loss of planktonic diatoms in acidified lakes is often documented (Batterbee 1984; Anderson et al. 1997) and their recolonization of lakes after liming can be slow because they lack resting stages. Our comparison of the diatom trends in the benthic and planktonic assemblages of Lake Orta during contamination, liming and recovery suggests that the littoral zone may have acted as a refugium during contamination. A. minutissima was already common in the benthic assemblages before liming and had a bloom in the phytoplankton immediately after this intervention. It is likely that the inoculum for this proliferation came from the littoral. F. nanoidesis was the other diatom contemporaneously common in the two habitats. In this case, it is difficult to establish which habitat provided the inoculum because F. nanoidesis was absent in benthos and plankton before liming and became contemporaneously dominant in both assemblages. This taxon is usually considered planktonic but appears to thrive in periphyton where it represented up to 60-70% of the total biovolume. F. nanoides must actively grow in the periphyton because these percentages are too high to represent only plankton sedimentation. It is likely that this taxon is favoured by high Si/P ratios, as generally observed for Synedra-Fragilaria spp. (Tilman et al. 1982) .
The slower recovery of diatom in plankton than in periphyton may have several explanations. Metal contamination in lake water has drastically decreased but it is still present. Benthic diatoms may experience reduced metal contamination because ccontaminant transfer is slowed in benthic biofilms where organisms are mixed with abiotic material and polymers exuded by algae and bacteria may bond metals (Ivorra et al. 2000) . Plankton diatom may also be limited by the very low concentrations of P observed in Lake Orta. This limitation may be less severe for periphyton, which being positioned near the land-water interface may have access to land-derived nutrients before they are diluted in the open water (Lambert et al. 2008) . Moreover, close algal-microbial proximity is supposed to make nutrient retention and recycling more efficient in periphyton than in phytoplankton (Wetzel 1996) .
As a result of the improved chemical characteristics, other biological communities, beside primary producers, have increased their structural complexity with the reappearance of new taxonomical groups. In the zooplankton, Daphnia, absent in the lake since 1930's, is now present with stable populations. The fish fauna already present (Perca fluviatilis, Leuciscus cephalus, Anguilla anguilla) has markedly increased in density and newly reintroduced species (Salmo trutta fario, Salvelinus alpinus, Cyprinus carpio, Tinca tinca) have been successful (Ponti et al. 2010) .
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